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CHARACTERISTICS OF A 1/8-SCALE MODEL OF A TILT-WING 
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By Louis P. Tosti 

SUMMARY 

An experimental investigation has been conducted t o  determine the 
dynamic s t a b i l i t y  and control character is t ics  of a t i l t -wing ve r t i ca l -  
take-off-and-landing airplane w i t h  the use of a remotely controlled 
l /&sca le  f r ee - f l i gh t  model. 
t i l t e d  up t o  an incidence angle of approxbmtely 900 f o r  v e r t i c a l  take- 
off and landing. The investigation consisted of hovering f l i g h t s  i n  
s t i l l  air ,  v e r t i c a l  take-offs and landings, and slow constant-alt i tude 
t r ans i t i ons  from hovering t o  forward f l i gh t .  

The model had a wing which could be 

The s t a b i l i t y  and control of the model w e r e  found t o  be generally 
sa t i s f ac to ry  w i t h  the following exceptions. I n  hovering f l i g h t ,  the 
model had unstable pitching and rol l ing osc i l l a t ions .  
o sc i l l a t ion  could be controlled adequately even i f  the model were 
allowed t o  build up t o  an appreciable amplitude. 
l a t i o n  were allowed t o  build up t o  a modest amplitude, however, the 
osc i l l a t ion  could not always be controlled with the amount of control  
power proposed f o r  the fu l l - sca le  airplane. In  t r ans i t i on  f l i g h t  and 
a t  angles of wing incidence somewhere between goo and 600, the model 
experienced large nose-up pitching moments which severely l imited the 
rearward center-of-gravity locations tha t  qould be used. 

The pi tching 

I f  the r o l l i n g  osc i l -  

INTRODUCTION 

An investigation has been conducted t o  determine the s t a b i l i t y  and 

Conventional wind-tunnel force t e s t s  were made of the model, 
control charac te r i s t ics  of a 1/8-scale f lying model of the Hi l l e r  X-18  
a i rplane.  
and the resul ix  a re  presented i n  reference 1. Fl ight  t e s t s  were a l so  
made and are  reported herein. 
constant-alt i tude t rans i t ions  from hovering t o  forward f l i g h t  i n  the 
Langley fu l l - sca le  tunnel, hovering f l i gh t s  near the ground and well 
above the ground, and ve r t i ca l  take-offs and landings. The results were 

The f l i g h t  t e s t s  consisted of s l o w  
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obtained mainly from p i l o t s '  observations and from studies  of motion- 
picture records of the f l i g h t s .  

APPARATUS AND TESTS 

Mode 1 

A photograph of the 1/8-scale model of the H i l l e r  X - 1 8  a i rplane 
during a t rans i t ion  f l i g h t  i n  the Langley fu l l - sca le  tunnel i s  shown 
i n  figure 1, and a three-view sketch showing some of the more important 
dimensions i s  shown i n  f igure 2. Table I gives the scaled-up geometric 
character is t ics  of the model. The var ia t ions of the moments of i n e r t i a  
of the model with wing incidence are shown i n  f igure 3 .  
scaled-up moments of i n e r t i a  of the model are compared with t h e  fu l l - sca le  
airplane moments of i n e r t i a  a t  a wing incidence of 90'. 
variat ion of the center of gravity of the model with wing incidence i s  
shown and i s  compared with the values f o r  the airplane i n  t h e  l i g h t -  
weight condition of 27,278 pounds and the heavyweight condition of 
33,000 pounds. The model had two six-blade dual-rotating propellers 
t h a t  were powered by 5-horsepower e l e c t r i c  motors which were not  i n t e r -  
connected. The speeds of the motors were changed together t o  vary the 
th rus t  of the propellers.  

I n  t a b l e  I1 the  

I n  f igure 4 the 

The wing w a s  pivoted a t  the 34.8-percent-chord s t a t i o n  0.46 inch 
below the lower surface of the wing and could be rotated between i n c i -  

dences of a and 94- during f l i g h t  by means of an e l e c t r i c  actuator .  
2 2 

The wing span w a s  changed from 6 f e e t  t o  7.3 f e e t  by the addition of 
wing-tip extensions. These spans of 6 and 7.5 f e e t  scale-up t o  48 f e e t  
and 60 f ee t ,  respectively,  on the fu l l - sca le  a i rplane ana are ca l led  
the short wing and long wing, respectively,  herein.  The model had con- 
ventional a i leron,  rudder, and elevator controls f o r  forward f l i g h t .  
For hovering f l i g h t  the ailerons provided yaw control,  a compressed-air 
j e t  a t  the t a i l  provided p i tch  control,  and d i f f e r e n t i a l  t o t a l  p i t c h  of 
the rear elenents of the dual-rotation propellers provided roll control.  

lo 0 

The controls were deflected by fl icker-type (full-on o r  f u l l - o f f )  
pnetnatic actuators which w e r e  remotely operated by the p i l o t s  by means 
of solenoid-operated valves. A l l  control  actuators,  with the exception 
of the control actuator on the p i t c h  j e t ,  were equipped with integrat ing-  
type t r i m e r s  which trimmed the controls a small amount each time a 
control was applied. With actuators of t h i s  type, a model becomes 
accurately trimmed a f t e r  f lying a shor t  t h e  i n  a given f l i g h t  condition. 
The pitch-control actuator on the t a i l  j e t  had a motor-driven trimer 
which was operated by the pitch-control p i l o t  from one of two control  
s t i c k s  s o  t h a t  the t a i l  j e t  could be rapidly trimmed independently of the 
f l i c k e r  control deflections.  

L 
6 
2 

4 



3 

Test Equipment and Setup 

L 
6 
2 
5 

The t e s t  setup used i n  the t ransi t ion f l i g h t  tests i n  the Langley 
fu l l - sca le  tunnel and i n  the hovering f l i g h t  tests w a s  e s sen t i a l ly  the 
same as is  i l l u s t r a t e d  by the sketch of  the full-scale-tunnel setup shown 
i n  f igure 5 .  The power fo r  the main propulsion motors, the wing-t i l t ing 
motor, and e l e c t r i c  control solenoids w a s  supplied through w i r e s ,  and the 
air f o r  the control actuators and the t a i l  control Je t  w a s  supplied 
through p l a s t i c  tubes. 
and taped t o  a safe ty  cable (1/16-inch braided a i r c r a f t  cable) from a 
point about 15 f e e t  above the model down t o  the model i t s e l f .  The safe ty  
cable, which was attached t o  the fuselage near the center of gravity,  w a s  
used t o  prevent crashes i n  the event of a power or  control failure o r  i n  
the event that the p i l o t s  l o s t  control of the model. D u r i n g  f l i g h t  the 
cable w a s  kept slack so tha t  it did not appreciably influence the motions 
of the model. Separate p i l o t s  were used t o  control  the model i n  pi tch,  
roll, and yaw since it had previously been found that if  a s ingle  p i l o t  
operates a l l  three controls, he is s o  busy controll ing the model that he 
h s  d i f f i c u l t y  i n  ascertaining the t rue  s t a b i l i t y  and control  character-  
i s t i c s  of the model about i t s  various axes. The take-off, landing, 
novering, and osc i l l a t ion  tests were m d e  w i t h  an almost i den t i ca l  setup 
i n  a la rge  building t h a t  provided protection from inclement weather and 
the random e f fec t s  of outside air  currents. 

These wires and tubes w e r e  suspended from above 

Tests 

The investigation reported herein consisted en t i r e ly  of f l i g h t  
t e s t s .  
observations and opinions of the behavior of the model. Motion-picture 
records were made of a l l  the f l i g h t s  which were subsequently studied i n  
d e t a i l .  

The re su l t s  were mainly qual i ta t ive and consisted of p i l o t s '  

Hovering f l i g h t  tests were made w i t h  the short  wing t o  determine 
the basic s t a b i l i t y  and control character is t ics  of the model i n  s t i l l  
air  a t  a height of 15 t o  20 feet above the ground t o  eliminate any pos- 
sible e f f e c t  of ground proximity. 
control charac te r i s t ics  were made fo r  the case i n  which the center of 
gravi ty  w a s  located d i r ec t ly  below the wing pivot.. 
uncontrolled pitching and ro l l i ng  motions and the ease w i t h  which these 
motions could be stopped a f t e r  they had been allowed t o  develop were 
a l so  studied. 
of center-of-gravity posit ions i n  an attempt t o  es tab l i sh  an allowable 
center-of-gravity range f o r  hovering fl ight.  

Detailed studies  of the s t a b i l i t y  and 

In  these t e s t s  the 

The model was a l so  flown i n  controlled f l i g h t  over a range 

Hovering f l i g h t  tests were a l s o  made near the ground t o  determine 
the e f f e c t  of proximity of the ground on the f l i g h t  behavior of the model. 
These tests were made w i t h  the wheels from about 2 inches t o  10 inches 
above the  ground. 

1 
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Take-off and landing tests were made with the short  wing f o r  the 
condition with the center of gravi ty  located a t  2 percent chord forward 
of the wing pivot .  
the power t o  the propellers un t i l  the model rose from the ground. 
power operator then adjusted the power f o r  hovering and the model w a s  
s tabi l ized a t  various heights above the ground. For the landing tests, 
the power operator reduced the power i n  such a manner that the model 
descended slowly u n t i l  the landing gear w a s  about 6 inches above the 
ground. 
s e t t l e d  t o  the ground on the landing gear. 

The take-off tests were made by rapidly increasing 
The 

A t  t h i s  point the power w a s  reduced quickly and the model 

Transition t e s t s  representing slow constant-alt i tude t rans i t ions  
were made i n  order t o  study the s t a b i l i t y  and control charac te r i s t ics  
of the model and t o  determine the e f f e c t s  of fuselage a t t i t u d e ,  t a i l - j e t  
force,  center-of-gravity posit ion,  and w i n g  span (short  and long wing 
configurations). The t r a n s i t i o n  f l i g h t  t e s t s  were made f o r  a range of 
center-of-gravity locations from 7 percent chord forward of the w i n g  
pivot t o  9 percent chord behind the wing pivot.  The center-of-gravity 
locations a r e  referred t o  i n  the discussion of the f l i g h t  tests i n  terms 
of the location when the wing w a s  i n  a hovering f l i g h t  posi t ion of 9Q0 

wing incidence. 

gravi ty  of the model moved forward and down approximately the same 
amount as t h a t  of the airplane,  as can be seen i n  f igure 4. 

2 
lo A s  the wing rotated t o  b- incidence, the center of 
2 

The t r a n s i t i o n  tests were made i n  the Langley fu l l - sca le  tunnel by 
using the t e s t  technique i l l u s t r a t e d  i n  f igure 5 by s t a r t i n g  with the 
model hovering i n  the tes t  section a t  zero airspeed. A s  the airspeed 
w a s  increased by the tunnel operator, the wing-t i l t  operator gradually 
reduced the wing incidence t o  maintain the model location i n  the t e s t  
sect ion during the t r ans i t i on .  These f l i g h t s  covered a speed range from 
0 t o  about 45 knots. Since the model w a s  a 1/8-scale model of the f u l l -  
scale  airplane, the corresponding scaled-up airspeeds would be 
(or 2.83) times those of the model. Small  adjustments or  corrections i n  
the tunnel airspeed could not be made readi ly;  the p i t c h  p i l o t ,  wing- 
tilt operator, and power operator, therefore,  had continually t o  make 
adjustments t o  hold the model i n  the center of the tes t  section. F l igh ts  
were also made i n  which the airspeed w a s  held constant a t  intermediate 
speeds of 22, 29, 36, and 44 knots so t h a t  the s t a b i l i t y  and control  
character is t ics  a t  constant speeds could be studied. 

& 

A few f l i g h t s  were a l s o  made i n  the Langley ful l -scale  tunnel i n  
order t o  determine the s t a b i l i t y  and control  charac te r i s t ics  of the model 
i n  rearward and sideward f l i g h t .  I n  a l l  of these tests the wing incidence 
w a s  se t  a t  9Q0. 

2 
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In  the detai led hovering t e s t s ,  the m a x i m u m  up o r  down force ava i l -  
able from the p i tch  j e t  w a s  l imited t o  t4.2 percent of the  model weight. 
A l i m i t e d  number of hovering f l i g h t  t e s t s  were made with a p i tch- je t  
force of f7.5 percent of the model weight i n  order t o  study the a b i l i t y  
of the p i l o t  t o  stop a developed pitching osc i l la t ion .  Most of the 
t r ans i t i on  tests were made with a maximum pi tch- je t  force of t7.5 per- 
cent of the model weight, although a few t r ans i t i on  t e s t s  were made 
with a p i tch- je t  th rus t  of kg.1 percent of the model weight, which 
corresponded t o  the sea-level condition f o r  the airplane.  The elevator  
could be switched in to  and out of the pitch-control c i r c u i t  but usually 
operated during the en t i r e  t rans i t ion  f l i g h t .  
used was f20°. 

The elevator def lect ion 

Yaw control i n  hovering and low-speed f l i g h t  was obtained by 
def lect ing the ai lerons d i f fe ren t ia l ly  +yo (each a i le ron) .  A t  a speed 
of about 13 knots the ailerons were switched out of the yaw-control c i r -  
c u i t  and the yaw p i l o t  generally stopped giving control since the model 
became so direct ional ly  s tab le  t h a t  no yaw control w a s  required. 

R o l l  control i n  hovering and low-speed f l i g h t  w a s  obtained by 
varying the p i tch  of each of the rear elements of the dual-rotation 
propel lers  d i f f e ren t i a l ly  t lLo. A t  a speed of about 24 knots, the 

different ia l -propel ler-pi tch control was switched out of the roll- 
control c i r cu i t  and the ai lerons and rudder were switched in ,  t o  be 
used together f o r  roll control fo r  the remainder of the f l i g h t .  
rudder def lect ion used was +20°. 

2 

The 

RESULTS AND DISCUSSION 

A motion-picture f i lm supplement has been prepared and i s  availab1.e 
on loan. 
a t  the back of t h i s  paper on the page imed ia t e ly  preceding the abs t rac t  
and index pages. 

A request card form and a description of the f i l m  w i l l  be found 

The overal l  impression of the p i lo t s  a f t e r  f ly ing  the model through- 
out the test program was t h a t  the s t a b i l i t y  and control charac te r i s t ics  
were generally acceptable and the model could be flown with reasonable 
ease and safety without the use of a r t i f i c i a l  s tab i l iza t ion .  
believed, however, that when the amount of l a t e r a l  control current ly  
used on the fu l l - sca le  airplane (as given i n  the discussion of r o l l i n g  
motions i n  the section en t i t l ed  "Hovering Flight") w a s  simulated on the 
model, the control was weaker than was desired t o  cope with the unstable 
ro l l i ng  osc i l l a t ion  encountered i n  hovering flight. 

The p i l o t s  
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Hovering Fl ight  

Pitching motions.- The f l i g h t  tests showed that i n  hovering f l i g h t  
the model had an unstable pitching o s c i l l a t i o n  with a period of about 
4.6 seconds and a time t o  double the amplitude of about 1.1 seconds. 
Figure 6(a) shows time h i s to r i e s  of these unstable osc i l la t ions  i n  which 
the p i l o t  held the s t i c k  fixed i n  a neut ra l  posi t ion and allowed the  
osc i l l a t ion  t o  build up u n t i l  the  model had t o  be retr ieved by the safe ty  
cable. With a pi tch- je t  reaction-control force of t7.5 percent of t he  
model weight, the p i l o t  could stop t h i s  o s c i l l a t i o n  easi ly ,  even after 
the osc i l l a t ion  had been allowed t o  build up t o  a large amplitude, as 
i l l u s t r a t e d  by the time h i s t o r i e s  of f igure 6(b) .  
j e t  force represented that available f o r  the ful l -scale  airplane when 
hovering a t  i t s  cei l ing.  This i s  the most c r i t i c a l  condition since the 
pi tch- je t  force i s  larger  i n  proportion t o  the weight when the airplane 
i s  hovering a t  any lower a l t i t u d e .  
scale airplane might be somewhat better than i s  implied by these results 
because the pitching moment of i n e r t i a  of the model w a s  about 50 percent 
higher i n  proportion t o  the weight than t h a t  of the airplane.  

This amount of pi tch-  

The c o n t r o l l a b i l i t y  of the fu l l -  

I n  hovering with a p i tch- je t  react ion control of t4 .2  percent of the 
model weight, the model could be trimmed with s u f f i c i e n t  margin f o r  con- 
t r o l  f o r  steady f l i g h t  i n  s t i l l  air f o r  a longitudinal center-of-gravity 
range from more than 12 percent chord forward of the wing pivot t o  5 per- 
cent chord behind the pivot.  
have made t e s t s  of the a b i l i t y  of the p i l o t s  t o  s top violent  motions such 
as an unstable pitching o s c i l l a t i o n  o r  gust  disturbance f o r  the many 
center-of-gravity posit ions required t o  es tab l i sh  the center-of-gravity 
range. These t e s t s  t o  determine the allowable center-of-gravity range 
were, therefore, made with the control power reduced from k7.5 percent 
t o  t4.2 percent of the model weight because, on the bas i s  of pas t  experi- 
ence, th i s  difference i n  control allows a s u f f i c i e n t  margin f o r  control  
of reasonably violent  motions. The data  of f igure 4 show t h a t  centers 
of gravity f o r  the ful l -scale  airplane a re  w e l l  within the center-of- 
gravity range t h a t  could be trimmed i n  hovering. These data show t h a t  
f o r  the normal gross weight of 33,000 pounds and a wing incidence of 
9$', the center of gravity would be a t  1.5 percent chord forward of the 

pivot and t h a t  f o r  the minimum f ly ing  weight of 27,278 pounds and a wing 
incidence of 9Qo, the center of gravi ty  would be a t  3.5 percent chord 

behind the pivot.  

It would have been too time consuming t o  

2 

Rolling motions.- The uncontrolled r o l l i n g  motions of the model i n  
hovering f l i g h t  were unstable osc i l la t ions  with a period of about 
4.5 seconds and a t i m e  t o  double the amplitude of about 1.3 seconds. 
I n  sp i t e  o f  t h i s  i n s t a b i l i t y ,  the model could be flown smoothly with the 
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r o l l  control  available 

when the osc i l l a t ion  was not permitted t o  build up any appreciable 
amplitude before corrective control was applied. 

of t l A o  dif ferent ia l -propel ler  
2 

When the ro l l i ng  osc i l la t ions  were allowed t o  build up t o  a modest 
amplitude, the p i l o t  could not always regain control of the model. Fig- 
ure 7(a) shows osc i l la t ions  from which the p i l o t  w a s  unable t o  regain 
control of the model, and f igure 7(b) shows cases i n  which the p i l o t  w a s  
able t o  stop the osc i l la t ion .  Inspection of these osc i l la t ions  indicated 
that the amplitude of the osc i l la t ions  from which the p i l o t  had been 
unable t o  recover w a s  not nearly a s  large as  the amplitudes which had 
been permissible i n  other VTOL models of the same general type. 
it seems cer ta in  that the ful l -scale  airplane w i l l  have undesirably w e a k  
r o l l  control i n  hovering f l i g h t ,  it i s  d i f f i c u l t  t o  i n t e rp re t  these 
r e su l t s  quant i ta t ively i n  terms of the airplane because of a number of 
departures from aynamic scaling which tended t o  have compensating e f fec ts ,  
as is  explained next. 

Although 

Since the ro l l i ng  moment of i ne r t i a  of the model w a s  considerably 
higher than the scaled-down value f o r  the airplane,  the control t rave is  
on the model were adjusted t o  give the correct  scaled-down airplane 
r o l l i n g  acceleration. Ful l  roll-control def lect ion f o r  the model w a s  
lLo of d i f f e ren t i a l  change i n  p i t ch  of the rear elements of the dual- 

ro t a t ion  propellers from a mean p i tch  of 10' a t  the 0.75 radius s ta t ion .  
This def lect ion gave a ro l l i ng  moment of klO.7 foot-pounds and a r o l l i n g  
accelerat ion of 1.95 radians per second per second which scales  up t o  
0.24 radian per second per second. 
a i rplane was a tO.75 d i f f e ren t i a l  change i n  p i tch  of both f ron t  and rear 
elements of the propellers frm a mean posi t ion of 14.2O a t  the 0.75 
radius s ta t ion ,  which should give a r o l l i n g  moment of about 26,000 foot-  
pounds and a ro l l i ng  acceleration of 0.24 radian per second per second. 
It  appears tha t  the simulation of the fu l l - sca le  airplane by the model 
w a s  reasonably good i n  sp i t e  of a number of detail differences since 
these differences tend t o  be compensating. 
i n e r t i a  of the model would m a k e  the osc i l la t ion  more unstable, but the 
increased damping i n  r o l l  which resulted from using a 100 propeller 
p i t c h  (instead of the value of 15' used on the airplane)  would tend t o  
make the osc i l l a t ion  more s tab le .  The use of increased control moment 
on the model o f f se t  the e f f ec t  of the increased moment of i n e r t i a  on 
r o l l i n g  acceleration and a l so  of fse t  the e f f e c t  of the increased damping 
i n  roll on the ro l l i ng  velocity.  
that w a s  not compensated a t  a l l  was the e f f e c t  of the increased i n e r t i a  
i n  lengthening the period of the osci l la t ion.  

2 

F u l l  def lect ion f o r  the fu l l - sca le  

The additional weight and 

The only e f f e c t  of improper scal ing 

I n  order t o  determine whether the cont ro l lab i l i ty  of the model i n  
r o l l  could be made sa t i s fac tory  by increasing the control power, t e s t s  
were made with the r o l l  control doubled t o  f3' of blade angle. With this 
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increased r o l l  control,  the cont ro l lab i l i ty  w a s  excellent,  probably 
b e t t e r  than w a s  necessary. 
could stop the osc i l la t ion  with t h i s  amount of control is  indicated by 
the time h is tory  of f igure 8 which shows a continuous record i n  which 
the p i lo t  f i rs t  allowed the o s c i l l a t i o n  t o  build up and then regained 
control of the model three times i n  a period of l e s s  than 40 seconds. 
With the t r a v e l  reduced t o  t 2 O ,  which would give about one-third more 
control than i s  expected t o  be available on the fu l l - s ca l e  airplane,  it 
w a s  believed t h a t  the control w a s  probably barely adequate f o r  safe 
f l i g h t  i n  reasonably smooth air. This r e s u l t  i s  i l l u s t r a t e d  by the 
t i n e  history of f igure 9 which shows that the p i l o t  w a s  able t o  s top L 
the osc i l la t ion  repeatedly, but comparison of these data with those 6 
of figure 8 shows t h a t  more cycles t o  damp the osc i l la t ion  resul ted 2 
than f o r  the  case of t30 of blade angle. 5 

* 

The ease and cer ta in ty  with which the p i l o t  
L 

Yawing motions.- There w a s ,  of course, no s t a b i l i t y  of yaw posi t ion 
i n  hovering f l i g h t  because there w a s  no s t a t i c  res tor ing moment i n  yaw. 
Continuai use of yaw control w a s ,  therefore,  required t o  prevent yawing 
as a r e s u l t  of random disturbances on the model. It i s  important t o  
maintain a constant heading when f ly ing  the model because the model must 
be properly oriented with respect t o  the remote p i l o t s  i n  order f o r  the 
p i l o t s  t o  control the model e f f i c i e n t l y .  The yaw p i l o t  was always able  
t o  keep the model properly oriented regardless of the a t t i t u d e  or speed 
of t ranslat ion t h a t  developed i n  the hovering f l i g h t  tests.  
w a s  easi ly  controllable by def lect ing the ai lerons d i f f e r e n t i a l l y  +,30°. 

The model c 

Vertical  motions.- The model had posi t ive rate-of-climb s t a b i l i t y  
because of the pronounced inverse var ia t ion  of the th rus t  of the propel- 
l e r s  with axial  speed. This rate-of-climb s t a b i l i t y  tended t o  o f f s e t  the 
e f f e c t  of a time lag  i n  the th rus t  control suf f ic ien t ly  that the model 
could be maintained a t  a given height f a i r l y  eas i ly .  

Take-Offs and Landings 

10 With the wing t i l t e d  up t o  an incidence of 94- 
2 

r e l a t i v e  t o  the 

bottom of the fuselage ( t h r u s t  l i n e  v e r t i c a l ) ,  the model r o l l e d  backward 

on take-off because of the rearward l i f t  on the wing which w a s  a t  4- of 
2 

incidence r e l a t i v e  t o  the th rus t  l i n e .  The wheels were locked i n  an 
e f f o r t  t o  eliminate the tendency t o  r o l l  backward, but the model pitched 
up on take-off. If the p i l o t  held down-elevator on take-off i n  addition 
t o  locking the wheels, the pitchup w a s  eliminated but the model skidded 

10 and bounced backward. With the incidence of the wing lowered t o  87- 
2 

the model took off s t r a i g h t  up, even with the wheels f r e e .  

lo 
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It was  found i n  the landing tests t h a t  there  w a s  no noticeable 

Landings could be performed sa t i s f ac to r i ly  w i t h  the wing i n c i -  
reduction i n  the control  effectiveness when the model approached the 
ground. 
dence a t  e i t h e r  87$' o r  9%'. With the wing incidence set a t  87$' there  

w a s  a s l i g h t  nose-down change i n  t r im as the model approached the ground. 
With the wing incidence se t  at  9G0 the model had t o  be flown a f e w  

2 
degrees nose down t o  prevent a rearward drift ,  therefore,  the  nose wheel 
touched down first. 
except when it w a s  very near the ground where a strong favorable cush- 
ioning e f f e c t  w a s  experienced. 
model, the power operator found t h a t  he could make landings e a s i l y  by 
s e t t i n g  and holding the power fo r  a slow descent since the model would 
slow down and stop descending as it neared the ground. The power opera- 
t o r  could then reduce the power at his convenience and the  model s e t t l e d  
gently t o  the ground. 

The model did not have ver t ical-posi t ion s t a b i l i t y  

With t h i s  inherent s t a b i l i t y  i n  the  

There was  a progressive improvement i n  the s t a b i l i t y  of the  pi tching 
"he pi tching o s c i l l a t i o n  w a s  o s c i l l a t i o n  as the model neared the ground. 

l e s s  unstable when the model w a s  hovering w i t h  the wheels approximately 
10 inches above the ground than when hovering out of the  range of ground 
e f f e c t  and w a s  about neut ra l ly  s tab le  when the model w a s  hovering a t  a 
height of about 4 inches above the ground. The model w a s  qu i te  stable 
a t  a height of about 2 inches, and no p i t ch  control  w a s  required t o  hold 
the model steady. 

Transition F l ight  

Pitching motions.- The most noticeable longitudinal cha rac t e r i s t i c  
of the model with e i t h e r  the  sho r t  or the long wing w a s  that the model 
developed a large nose-up pi tching moment when s t a r t i n g  through t r ans i -  
t i o n  a t  wing incidences somewhere between goo and 60°. This change i n  
t r i m  w i t h  speed and wing incidence severely l imited the range of center- 
of-gravity posi t ions f o r  which it was possible t o  per fom the t r a n s i t i o n  
successfully.  
weight, the model with the shor t  wing could be flown through the t r a n s i -  
t i o n  e a s i l y  with a fuselage angle of a t tack  and a t a i l  incidence of Oo 
f o r  a range of center-of-gravity posit ions fram 7 percent chord forward 
of the wing pivot t o  d i r ec t ly  below the pivot.  The forward end of t he  
center-of-gravity range was not  a l imiting condition but  w a s  determined 
by the f a c t  that the  7-percent-chord center-of-gravity loca t ion  appeared 
t o  be wel l  forward of the design center-of-gravity range of the airplane.  
The rearward end of the center-of-gravity range (d i r ec t ly  below the p ivot )  
was l imited by the i n a b i l i t y  of the p i l o t  t o  t r i m  the large nose-up 
pi tching moment encountered a t  low forward speeds o r  high w i n g  incidences 
w i t h  t h e  p i t ch  control  avai lable .  

With the p i tch- je t  force of f7.5 percent of the model 
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A study of the e f f e c t  of fuselage angle of a t tack  on the  
longitudinal-trim problem w a s  made with a p i tch- je t  force of f7.5 per- 
cent of the model weight. 
d i rec t ly  below the  pivot,  it was found t h a t  the nose-up pi tching moments 
were even greater  with the  fuselage i n  a 10' nose-down a%ti tude than 
with the fuselage level .  With the fuselage i n  the  10' nose-up a t t i t u d e ,  
the longitudinal-trim problem w a s  g rea t ly  relieved. 
rearward center-of-gravity l i m i t  of the model when flown with the fuse- 
lage i n  t he  loo nose-up a t t i t ude ,  the center of gravi ty  w a s  moved back 
progressively from a posi t ion d i r e c t l y  below the wing pivot .  The most 
rearward center-of-gravity pos i t ion  a t  which t r ans i t i on  w a s  made w a s  a t  
5 percent chord behind the pivot.  On the bas i s  of the  foregoing r e s u l t s  
it seems that with the shor t  wing the fu l l - s ca l e  a i rplane should be able 
t o  perform s a t i s f a c t o r i l y  slow constant-al t i tude t r a n s i t i o n  with a fuse- 
lage a t t i t ude  of about 10' f o r  the most adverse f l i g h t  condition, which 
would be with a p i tch- je t  force of f2,O7O pounds ( ra ted  a t  maximum a l t i -  
tude of 10,000 fee t ) ,  and the lightweight conditiorr of 27,278 pounds, i n  
which case the center of grav i ty  would be a t  3.5 percent chord behind 
the wing pivot .  

With the  center of gravi ty  s t i l l  located 

To determine the  

In  order t o  determine the possible improvement i n  the  rearward 
center-of-gravity l i m i t  by increased p i t ch - j e t  force corresponding t o  
sea-level conditions, t r ans i t i ons  of the  short-wing model were made 
with the p i tch- je t  force increased t o  kg.1 percent of the model weight. 
It w a s  found t h a t  with t h i s  increased control  power the most rearward 
center-of-gravity locat ion with which t r ans i t i on  could be made success- 
f u l l y  with the  fuselage l eve l  w a s  moved back from d i r e c t l y  below the 
pivot t o  7 percent chord behind the p ivot .  A s i m i l a r  7-percent-chord 
improvement i n  the  allowable center-of-gravity range presumably could 
be obtained f o r  other conditions such as a pos i t ive  fuselage angle of 
a t tack .  

The long-wing configuration w a s  flown with the  p i t ch - j e t  force of 
27.5 percent of the model weight and a t a i l  incidence of Oo. With the 
fuselage l e v e l  the  model could be flown e a s i l y  with the center of grav- 
i t y  a t  5 percent and 2 percent chord forward of the pivot .  The center-  
of-gravity locat ion of 5 percent chord forward of the pivot  w a s  not a 
l imit ing condition on the forward end of the  center-of-gravity range 
since a large amount of res idua l  nose-down p i t ch  t r im control  w a s  ava i l -  
able  a t  t h i s  condition t o  permit f l y ing  the  model with the center  of 
gravi ty  located s t i l l  f a r the r  forward. 
not be flown with the center of gravi ty  located d i r e c t l y  below the  pivot,  
but, since t h i s  condition could be flown with the shor t  wing, it appears 
t h a t  the  long wing must aggravate the nose-up pitching-moment problem a t  
l o w  forward speeds. 
made possible successful f l i g h t s  of the model with the  center of grav i ty  
located d i r ec t ly  below the pivot .  
rearward center of gravi ty  i n  the 10' a t t i t u d e .  

This model configuration could 

A n  increase i n  the fuselage angle of a t t ack  t o  10' 

No attempt w a s  made t o  f l y  with a more 

L 
6 
2 
5 
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Rolling motions.- R o l l  control during t r ans i t i on  f l i g h t  is  the most 
complex of the controls since the different ia l -propel ler  p i t ch  and the  
ai lerons interchange t h e i r  functions between ro l l i ng  and yawing moments 
as  the wing t i l t s .  With the ful l -scale  airplane,  a system f o r  phasing 
the different ia l -propel ler  p i t ch  out of and the ai lerons i n t o  the r o l l -  
control  c i r c u i t ,  as a function of wing  incidence, i s  used t o  accomplish 
a smooth changeover fram one control i n  hovering t o  the other i n  forward 
f l i g h t  with the object of providing pure ro l l i ng  moments through the 
t r ans i t i on .  
phasing one control aut  and the other i n  since, a t  the time the model 
was designed, no aerodynamic information was available on which t o  base 
the design of such a system. 
control i n  t r ans i t i on  w i t h  the model was t o  use only the d i f f e ren t i a l -  
propel ler  p i tch  f o r  r o l l  control un t i l  the  p i l o t  saw that he was ge t t ing  
too much favorable yaw from the propellers. 
a t  an airspeed of approximately 24 knots and a wing angle of a t tack of 
about >lo, the p i l o t  switched out the different ia l -propel ler-pi tch control  
and switched the ai lerons and rudder in to  the rol l -control  c i r c u i t .  The 
amount of r o l l  control provided by tlLo different ia l -propel ler  p i t ch  w a s  

su f f i c i en t  t o  permit the model t o  be flown smoothly and eas i ly  during 
these t e s t s .  

The model was  not provided w i t h  a similar system f o r  

The technique generally used f o r  r o l l  

A t  t ha t  time, which occurred 

2 

A few f l i g h t s  were made sa t i s f ac to r i ly  w i t h  another system of r o l l  
control  where the p i l o t  l e f t  the differential-propeller-pitch control i n  
the c i r c u i t  throughout the t rans i t ion  and switched the ai lerons i n  when 
he s a w  he w a s  ge t t ing  too much favorable yaw from the propel lers .  When 
the ai lerons were used i n  conjunction w i t h  the different ia l -propel ler  
p i t ch  f o r  r o l l  control, the adverse yawing moments of the ai lerons tended 
t o  o f f s e t  the excessive favorable yawing moments produced by the change 
i n  propel ler  pi tch,  whereas the ro l l ing  moments of the ai lerons tended t o  
augment the ro l l i ng  moments produced by the propeller-pitch change. The 
f a c t  that the propeller-pitch change gave reasonably good r o l l  control  
a t  low angles of wing incidence resu l t s  from the change i n  velocity over 
the p a r t  of the wing i n  the propeller slipstream. 
increase i n  the p i tch  of the propeller on one wing increases the veloci ty  
over the wing behind the propeller and thereby causes an increase i n  the 
l i f t  and drag of that pa r t  of the w i n g .  The increase i n  l i f t  gives a 
s izeable  ro l l i ng  moment, whereas the increase i n  drag tends t o  o f f s e t  the 
increase i n  thrust of the propeller.  

For example, an 

F l igh ts  were made with the long-wing configuration i n  which the air- 
speed w a s  held constant a t  22, 29, 36, and 44 knots. 
the fu l l - sca le  airplane,  these airspeeds would be 62, 82, 103, and 

different ia l -propel ler  p i tch  were t r i ed  fo r  r o l l  control.  Although 
these f l i g h t s  were made w i t h  the long-wing configuration, these r o l l -  

t ion,  especial ly  a t  the higher wing incidences, since the t i p  extensions 

When scaled up f o r  

b 125 knots, respectively.  Various combinations of rudder, a i lerons,  and 

* control  r e su l t s  a re  believed t o  apply a l so  t o  the short-wing configura- 
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c 
on the long wing were outside the propel ler  sl ipstream and added only a 
s m a l l  increment i n  ro l l i ng  i n e r t i a .  

c 

With the airspeeds held constant a t  22 knots (wing angle of a t t ack  
about 53') good r o l l  control w a s  obtained by using only the d i f f e r e n t i a l -  
propeller p i t ch  control.  A t  29 knots ( w i n g  angle of a t tack  about 43') 
control with the propel ler  p i t ch  alone w a s  not s a t i s f ac to ry  because Of 
excessive favorable yawing moments due t o  the  control.  A t  t h i s  speed, 
control with the propellers and a i le rons  combined was reasonably good 
but  s l i gh t ly  l e s s  desirable  than the  combined rudder and a i l e ron  control .  
Rol l  control with ai lerons alone a t  the  speed of 29 knots w a s  undesirable 
s ince t h i s  control  gave excessive adverse yawing moments which made the 
model wallow excessively. 
however, this ailerons-alone control  seemed adequate. 

L 
6 
2 
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A t  36 knots (wing angle of a t tack  about 32O), 
The model w a s  not 

f lyable  w i t h  the  rudder-alone control  a t  any of these t e s t  speeds. I n  
summary, it seemed that r o l l  control  with propel ler  p i t ch  alone w a s  
sa t i s fac tory  a t  speeds up t o  about 24 knots and t h a t  combined rudder and 
ai lerons control  w a s  the bes t  control  a t  the  airspeeds above 24 knots. 

Y a w i n g  motions.- Up t o  an airspeed of about 14 knots the model 
could be flown smoothly and e a s i l y  although some yaw control  w a s  
required. A t  higher airspeeds, the  d i r ec t iona l  s t a b i l i t y  w a s  adequate 
t o  permit the model t o  f l y  s a t i s f a c t o r i l y  without the use of yaw control  
except when the  rudder w a s  used i n  combination with the  a i le rons  t o  .. 
counteract the  adverse yawing moments of the  ai lerons.  

* 

Rearward and Sideward Fl ight  

Rearward f l i g h t  w a s  accomplished by f ly ing  the model backwards i n  
the tunnel. The model was e a s i l y  control lable  as the airspeed w a s  
increased from 0 t o  about 19 knots (55 knots fu l l - s ca l e )  a t  which speed 
the t e s t  w a s  concluded since it w a s  thought t h a t  the speed range more 
than covered p rac t i ca l  l i m i t s  f o r  t h i s  condition. Since the  wing could 
not be t i l t e d  beyond an incidence of 941 , the  model required high nose- 

up a t t i t udes  (on the order of 40°) t o  hover a t  the higher t e s t  speeds. 

0 

2 

Sideward f l i g h t  w a s  accomplished by f ly ing  the model with the  r i g h t  
wing pointed i n t o  the  wind i n  the  tunnel.  The model w a s  control lable  i n  
r o l l  up t o  an airspeed of 9 knots (25 knots fu l l - s ca l e ) ,  a t  which speed 
the r o l l  control became inadequate t o  hold a trimmed condition. 

10 different ia l -propel ler-pi tch r o l l  cont ro l  w a s  se t  with a t rave l  of fl- 
2 

starting from a mean p i t ch  of 10' a t  the 0.75 radius s t a t ion .  The 
trimmed pi tch on the propel lers  a t  the  end of the sideward f l i g h t s  
measured 13' on the l e f t  rear propel ler  elements and 7' on the r i g h t  
rear propeller elements with the control  t r a v e l  s t i l l  t lLo except t h a t  

The 

2 
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the blade p i tch  w a s  mechanically limited t o  a maximum of 13O. 
control deflections represented more than twice the amount of control  
available on the ful l -scale  airplane,  so it seems that the airplane 
would be l imited t o  hovering i n  low sidewinds. 

These 

CONCLUSIONS 

The following conclusions are  drawn from an invest igat ion of the 
s t a b i l i t y  and control charac te r i s t ics  of a 1/8-scale f ly ing  model of a 
t i l t -wing vertical-take-off-and-landing airplane: 

1. I n  hovering f l i g h t  the model had an unstable pitching osc i l l a -  

With a pi tch- je t  reaction-control force of 
t i o n  with a period of about 4.6 seconds and a time t o  double the ampli- 
tude of about 1.1 seconds. 
t7.5 percent of the model weight, the p i l o t  could stop this o s c i l l a t i o n  
eas i ly ,  even after the osc i l l a t ion  had been allowed t o  build up t o  a 
large amplitude. The ful l -scale  airplane should be e a s i l y  controllable 
w i t h  t h i s  amount of p i t ch  control. 

2. The uncontrolled ro l l i ng  motions of the model i n  hovering f z igh t  
were unstable osc i l la t ions  with a period of about 4.5 seconds and a t i m e  
t o  double the amplitude of about 1 . 3  seconds. 
airplane r o l l  control was simulated as closely as possible, the model 
could be flown smoothly i f  the osc i l la t ion  w a s  not permitted t o  bui ld  up, 
but the p i l o t  could not always regain control of the model i f  the osc i l -  
l a t i o n  b u i l t  up t o  a modest amplitude. 
amount of control, which was obtained w i t h  *lLo of d i f f e r e n t i a l  p i tch  of 

the rear elements of the dual-rotation propellers,  w a s  undesirably weak. 
It w a s  found that when the r o l l  control w a s  doubled t o  f 3 O  of blade 
angle, the r o l l  control was excellent,  and w i t h  the t r a v e l  reduced t o  
+,2O it was believed t h a t  the control was probably adequate f o r  safe  
f l i g h t  of the airplane i n  r e l a t ive ly  smooth a i r .  It was found that i n  
order t o  trim the model i n  a crosswind of 9 knots (represents 25 knots 
f u l l  sca le )  an addi t ional  t 3 O  of blade angle w a s  required f o r  r o l l  
control.  

When the fu l l - sca le -  

It was thus concluded that th i s  

2 

, 

3 .  I n  hovering f l i g h t  the yawing motions of the model were eas i ly  
control lable  by deflecting the ailerons d i f f e ren t i a l ly  f30°. 
could always be kept properly oriented regardless of the a t t i t u d e  o r  
speed of t rans i t ion  that developed i n  the hovering f l i g h t  t e s t s .  

The model 

4. Take-offs and landings w e r e  easy t o  perform. 
strong favorable cushioning e f f ec t  when nearing the ground. 
model neared the ground there w a s  a progressive improvement i n  the sta- 
b i l i t y  of the pitching osc i l l a t ion  from unstable t o  stable. 

The model had a 
As the 
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5 .  In  the t r ans i t i on  from hovering t o  forward f l i g h t  with e i t h e r  
the long o r  the short  wing, the model experienced a large nose-up 
pitching moment a t  angles of w i n g  incidence somewhere between 90° and 
60' which severely l imited the allowable center-of -gravity range. 
This pitching moment could be markedly relieved by allowing the model 
t o  f l y  with the fuselage i n  a modest nose-up a t t i t u d e .  With the sho r t  
w i n g ,  the ful l -scale  airplane should be able t o  perform s a t i s f a c t o r i l y  
slow constant-altitude t r ans i t i ons  with a fuselage a t t i t u d e  of about 
loo fo r  the most adverse f l i g h t  condition ( f l i g h t  a t  10,000 f e e t  a l t i -  
tude i n  the lightweight condition of 27,278 pounds, i n  which case the 
center of gravi ty  would be 3.5 percent chord behind the w i n g  p ivo t ) .  

out  the t rans i t ion  range by e i t h e r  of two rol l -control  systems used. 

L 
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6. Rolling motions of the model could be controlled e a s i l y  through- 

One rol l -control  system used only the different ia l -propel ler  p i tch  u n t i l  
the ? i l o t  SLW he w a s  get t ing too much favorable yaw from the propel lers ,  
which cccurred a t  an airspeed of approximately 24 knots, and then the 
p i l o t  switched out the differential-propeller-pitch control and switched 
the  ailerons and rudder in to  the rol l -control  c i r c u i t .  The second roll- 
control system used the different ia l -propel ler-pi tch control i n  the 
c i r c u i t  throughout the t r ans i t i on ,  and the p i l o t  switched the ai lerons 
i n  when he saw he w a s  get t ing too much favorable yaw from the propel lers .  

1 

c 

c 

7. The yawing motions of the model were e a s i l y  controllable i n  the 
t ransi t ion range up t o  an airspeed of about 14  knots, and a t  the higher 
airspeeds i n  t rans i t ion  the p i l o t  did not have t o  give any corrective 
yaw control except t h a t  the rudder had t o  be used i n  conjunction with the 
ai lerons t o  counteract the adverse a i le ron  yawing moments. 

c 
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L TABLE I.- SCAUD-UP GEOMETRIC CHARACTERISTICS OF MODEL 

4 Propellers (6 blades each): 
Diameter. f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16 
Chord. f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.43 
Total sol idi ty  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.286 

. 

wing: 
Area : 

Short. sq f t  . . . . . . . . . . . . . . . . .  
Long. s q f t  . . . . . . . . . . . . . . . . .  
Long. f t  . . . . . . . . . . . . . . . . . . .  

span : 
Short. f t  . . . . . . . . . . . . . . . . . .  

CkiorCi. f t  . . . . . . . . . . . . . . . . . . .  
Aspect ratio:  

Short . . . . . . . . . . . . . . . . . . . . .  
Long . . . . . . . . . . . . . . . . . . . . .  

Taper r a t i o  . . . . . . . . . . . . . . . . . .  
Airfoi l  section . . . . . . . . . . . . . . . .  
Pivot station. percent chord . . . . . . . . . .  
Dihedral angle. deg . . . . . . . . . . . . . .  
Incidence relative t o  propeller shaft ax is .  deg 
Ailerons (each) : 

Sweepback (leading edge). deg . . . . . . . . .  

Chord. f t  . . . . . . . . . . . . . . . . . .  
span: 

Outboard portion. f t  . . . . . . . . . . . .  
Inboard portion. ft  . . . . . . . . . . . .  

H i n g e  line. percent chord . . . . . . . . . .  

. . . . . . . . . . . .  528 . . . . . . . . . . . .  660 

. . . . . . . . . . . .  40 . . . . . . . . . . . .  60 . . . . . . . . . . . .  11.0 

. . . . . . . . . . . .  4.36 . . . . . . . . . . . .  5.45 

. . . . . . . . . .  NACA 23015 . . . . . . . . . . . .  34.0 

. . . . . . . . . . . .  4.5 

. . . . . . . . . . . .  1.0 

. . . . . . . . . . . .  0 . . . . . . . . . . . .  0 

. . . . . . . . . . . .  2.20 

. . . . . . . . . . . .  6.46 . . . . . . . . . . . .  8.41 . . . . . . . . . . . .  0.80 
Vertical tail: 

Area. sq f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  118.2 
Span. f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14.33 
Tip chord. f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.42 
Root chord. f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12.08 
Aspect ra t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.19 
Taper ra t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.273 
Airfoi l  section . . . . . . . . . . . . . . . . . . . . . . . . . .  NACA 0009 
Sweepback (leading edge). deg . . . . . . . . . . . . . . . . . . . . . .  22.15 
Rudder (hinge l ine perpendiculax t o  fuselage center l ine)  : 

Tip chord (behind hinge l ine) .  f t  . . . . . . . . . . . . . . . . . .  1.0 
Root chord (behind hinge l ine) .  f t  . . . . . . . . . . . . . . . . . .  2.87 
Span. f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16.75 

Horizontal t a i l :  
Area (projected). sq f t  . . . . . . . . . . . . . . . . . .  
Span (projected). f t  . . . . . . . . . . . . . . . . . . . .  
Tip chord. f t  . . . . . . . . . . . . . . . . . . . . . . .  
Root chord. f t  . . . . . . . . . . . . . . . . . . . . . . .  
Aspectmt io  . . . . . . . . . . . . . . . . . . . . . . . .  
Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . .  
Airfoi l  section . . . . . . . . . . . . . . . . . . . . . .  
Sweepback (leading edge). deg . . . . . . . . . . . . . . .  
Dihedral angle. deg . . . . . . . . . . . . . . . . . . . .  
Elevator (hinge l ine  perpendicular t o  fuselage center l ine) :  

Tip chord (behind hinge l ine) .  f t  
Root chord (behind hinge l ine).  f t  . . . . . . . . . . . .  . . . . . . . . . . . .  
Span (each). f t  . . . . . . . . . . . . . . . . . . . . .  

. . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  

. . . .  . . . .  . . . .  

* * 197.75 . . 28.21 . . 4.00 . . 10.02 . . 4.03 . . 0.399 
NACA 0011 . . 15.94 . . 15 

. . 1.33 . . 3.25 . . 13.84 

Overall length. f t  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  62.67 
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TABLE 11.- COMPARISON OF MASS CHARACTERISTICS OF MODEL 

(SCALED-UP) AND FULL-SCAU AIRPLANE AT 

A WING INCIDENCE OF 90' 

Model 
( scaled-up) 

Weight, lb . . . . . . . . . . . . . . . .  37,275 
Rolling moment of iner t ia ,  
Ix, slug-ft2 . . . . . . . . . . . . . .  180,900 

Iy, slug-ft2 . . . . . . . . . . . . . .  180,500 
Pitching moment of iner t ia ,  

Yawing moment of iner t ia ,  
Iz, slug-ft2 . . . . . . . . . . . . . .  319,400 

Full-scale 
airplane - 
33,000 

108,790 

116,150 

183,350 

. 
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3 . -  Moments of i n e r t i a  of model about center-of-gravity loca- 
t ions  indicated i n  f igure  4. 
ancy, v i r t u a l  mass, or  entrapped a i r  correct ions.  

Model weight, 72.8 pounds. i o  buoy- 
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Figure 4. - Comparison of center-of-gravity locations of fu l l - sca le  a i r -  
plane and model a t  various wing incidence angles. 
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